INTRODUCTION {#s1}
============

Significant strides have been made toward reducing the global burden of malaria and associated mortality since the turn of the millennium. However, progress toward eradication has slowed down in the last few years and could be further undermined by the emergence of resistant strains of Plasmodium falciparum to many frontline antimalarials ([@B1]). Understanding the genetic and mechanistic basis of resistance, along with the identification of novel drug targets, is therefore vital for the advancement of antimalarial therapies. These efforts have been aided by a considerable improvement in annotation of the P. falciparum genome since its release in 2002, with known or putative functions assigned to over 65% of predicted genes ([@B2]). Several technological advances in recent years have changed the landscape of molecular genetics in P. falciparum from relative intractability to the experimental validation of almost a quarter of the total number of protein-coding genes. Many of these studies have yielded unexpected results. For instance, several seemingly promising drug targets were found to be completely dispensable during the symptomatic blood stage of the parasite life cycle ([@B3][@B4][@B5]). There are also indications that many functionally annotated proteins have acquired additional or alternative roles in *Plasmodium* ([@B6][@B7][@B11]). These examples highlight a continuing need for the characterization of *Plasmodium* genes in their native context, along with the improvement and expansion of our toolkit of genetic techniques.

Gene deletion studies have been greatly facilitated by the introduction of CRISPR/Cas9 to P. falciparum. However, knockouts are applicable only to the cohort of genes whose products are either dispensable during intraerythrocytic development or can be chemically or genetically bypassed ([@B12][@B13][@B15]). To address this, several conditional gene expression strategies have been developed that can be integrated with CRISPR/Cas9 for the functional analysis of essential blood-stage genes.

Nearly all conditional systems in *Plasmodium* involve the binding of small molecule ligands to nucleic acid/protein modules to control gene expression or protein function. Inducible FKBP-FRB dimerization by rapamycin and its analogs (rapalogs) forms the basis for two such techniques: (i) conditional DiCre recombinase-mediated excision of target genes that are flanked by loxP sites, and (ii) conditional mislocalization of FKBP fusion proteins, known as knock sideways (KS) ([@B16][@B17][@B18]). Destabilizing FKBP (ddFKBP) or hDHFR (human dihydrofolate reductase) domains have been used to confer ligand-dependent stability to *Plasmodium* proteins ([@B19][@B20][@B21]). In the absence of ligand, these fusion proteins are degraded by the proteasome. N-terminal fusions of recently developed FKBP variants can traffic proteins to the lumen of the apicoplast organelle in a rapalog-controllable fashion ([@B22]). These tools vary in dynamic range and their successful application to a target gene may be influenced by gene expression levels, subcellular protein location, or tolerance of the protein to N- or C-terminal modifications.

To overcome constraints imposed by protein structure and location, methods have been developed to control gene expression at the posttranscriptional level in P. falciparum, either by inducible degradation or sequestration of mRNA. The self-cleaving GlmS ribozyme has been successfully appended to the 3′ UTR of target genes and the resulting transcripts are cleaved in a glucosamine-dependent manner ([@B23]). Various tetracycline repressor protein (TetR)-based systems have been tested in P. falciparum ([@B24], [@B25]), but perhaps the most successful strategy involves the regulatable interaction of a TetR-DOZI fusion protein with a synthetic RNA aptamer array ([@B26]). TetR normally binds to its cognate double-stranded DNA (dsDNA) operator sequences to block the transcription of a target gene. This repression can be reversed by the allosteric interaction of tetracycline (TC) or its analogs with TetR. To adapt the TetR system to posttranscriptional regulation, Belmont and Niles (2010) conducted a screen for RNA aptamers that bind to TetR in a TC-regulatable fashion ([@B27]). Candidate aptamers that fulfilled these parameters were predicted to form stem-loop structures with conserved sequence motifs in the loops. Placing an RNA aptamer in the 5′ UTR of reporter genes resulted in a TC-dependent, 3- to 5-fold change in expression levels. To increase the dynamic range of the TetR-aptamer system, Ganesan et al. (2016) exploited the native translational regulation capabilities of *Plasmodium* ([@B26]). DOZI ("development of zygote inhibited") is a *Plasmodium* RNA helicase that represses translation by assembling specific transcripts into inactive messenger ribonucleoprotein particles (mRNPs) ([@B28]). The integration of DOZI with the TetR-aptamers afforded much greater control over reporter gene expression, especially when the 5′ UTR aptamer was combined with multiple aptamer copies in the 3′ UTR (20- to 300-fold changes in induction) ([@B26]).

Since it can be challenging to simultaneously modify the 5′ and 3′ UTRs of endogenous genes, several groups have effectively utilized TetR-DOZI with an aptamer array inserted only into the 3′ UTR ([@B5], [@B26], [@B29][@B30][@B44]). The 3′ UTR array consists of 10 aptamer copies, separated by spacers that are identical in sequence and length. Such tandem repeats are inherently unstable and tend to be deleted by recombination. We and others have observed truncations in the aptamer array with a consequent loss of control over gene expression, thereby limiting the utility of this knockdown strategy ([@B30], [@B31], [@B36], [@B37], [@B43]). To rectify this, we modified the array to contain unique spacers while retaining the secondary structure of the aptamers. We validated the redesigned aptamer array by targeting a putative apicoplast ubiquitin-like protein (PF3D7_0815700), referred to as PfAUBL. We found that the new array does not lose its aptamers during plasmid propagation in E. coli or upon insertion into the P. falciparum genome. The redesign does not interfere with aptamer function, as demonstrated by efficient TC-dependent knockdown of the PfAUBL protein that subsequently results in parasite death, indicating an essential role for PfAUBL. The enhanced stability of the aptamer array will expand the usage of TetR-DOZI for gene function studies in P. falciparum.

RESULTS {#s2}
=======

Aptamer arrays undergo truncation in E. coli and in P. falciparum. {#s2.1}
------------------------------------------------------------------

The TetR-DOZI aptamer system has been successfully used for the conditional knockdown of several P. falciparum proteins. We implemented this approach to study a putative apicoplast protein called PfAUBL (PF3D7_0815700). PfAUBL was identified as essential for blood-stage survival in the genome-wide *piggyBac* mutagenesis screen conducted in P. falciparum ([@B45]). The protein contains an N-terminal apicoplast transit peptide and a ubiquitin-like domain ([@B46]). We utilized a previously published plasmid pMG74 for the insertion of a 10× aptamer array downstream of the PfAUBL coding region ([@B26]). Plasmids from individual bacterial colonies were analyzed by PCR to verify the size of the aptamer array. While some plasmids contained a full-length (∼1 kb) array, other plasmids appeared to have lost a few aptamers from their arrays ([Fig. 1A](#fig1){ref-type="fig"}). We selected a plasmid with an intact sequence-confirmed array to generate PfAUBL^Apt^ parasites. Correct insertion of the aptamer array at the 3′ UTR of PfAUBL^Apt^ was confirmed by PCR ([Fig. 1B](#fig1){ref-type="fig"}, [Fig. S1](#figS1){ref-type="supplementary-material"} and [S2](#figS2){ref-type="supplementary-material"}A in the supplemental material).

![Aptamer arrays are unstable during propagation in E. coli and P. falciparum. (A) PCR amplification of the aptamer array from six bacterial colonies transformed with pMG74^PfAUBL^ plasmid. PCR products of full-length arrays are ∼1 kb in size. Smaller products in some lanes signify truncated arrays. (B) Integration of pMG74^PfAUBL^ plasmid into the 3′ UTR of the PfAUBL gene was confirmed by PCR amplification of the 5′ and 3′ loci. PCR for the unmodified locus failed to detect any residual wild-type parasites in the PfAUBL^Apt^ population (red); wild-type parasites served as a control (blue). (C) Growth of PfAUBL^Apt^ parasites in the presence or absence of aTC was monitored by daily blood smears for 8 days. The parasites were cut 1:10 on day 4. Removal of aTC caused moderate growth inhibition of PfAUBL^Apt^ parasites beginning on day 4 (two‐way ANOVA, followed by Bonferroni's correction; \*\*\*\*, *P \< *0.0001; \*\*, *P \< *0.01; \*, *P \< *0.05). Error bars represent the standard error of the mean from two independent experiments, each conducted in quadruplicate. (D) PCR amplification of the aptamer array from the aTC-treated PfAUBL^Apt^ population shows 1 kb (full-length) and 0.5 kb products, indicating that some parasites have lost a few aptamers from their array (D0). Surviving parasites at 10 days post aTC removal (D10) have a predominant 0.5 kb band, consistent with a truncated array.](mSphere.00457-20-f0001){#fig1}

10.1128/mSphere.00457-20.2

Schematic of aptamer insertion into the 3′ UTR of PfAUBL. (A) The pMG74^PfAUBL^ or pKD^PfAUBL^ plasmids were linearized by digestion with EcoRV. Homologous regions between the linearized vector and the WT PfAUBL locus are indicated by dotted lines. The promoter that drives TetR-DOZI expression is depicted by the green arrow. Positions of primers used for diagnostic PCR are indicated by blue and red arrows. "TAG" refers to C-terminal epitope tags. Abbreviations: HA1, homology arm 1; HA2, homology arm 2; UTR, untranslated region; WT, wild type. (B) Primer pairs for verifying integration of the pMG74^PfAUBL^ or pKD^PfAUBL^ plasmids into the 3′ UTR of PfAUBL are listed along with the expected sizes of the PCR products. Download FIG S1, TIF file, 2.5 MB.
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Genotypic and phenotypic analysis of PfAUBL^Apt^ parasites from a duplicate transfection. (A) Integration of pMG74^PfAUBL^ plasmid into the 3′ UTR of the PfAUBL gene was confirmed by PCR amplification of the 5′ and 3′ loci. PCR for the unmodified locus failed to detect any residual wild-type parasites in the PfAUBL^Apt^ population (red); wild-type parasites served as control (blue). (B) PfAUBL^Apt^ parasites were seeded at 0.5% parasitemia in the presence or absence of aTC, and their growth was monitored by daily blood smears for 8 days. Parasites were cut 1:10 on day 4. Removal of aTC caused significant growth inhibition of PfAUBL^Apt^ parasites beginning on day 6 (two‐way ANOVA, followed by Bonferroni's correction; \*\*\*\*, *P \< *0.0001; \*\*, *P \< *0.01). Error bars represent the standard error of the mean from two independent experiments, each conducted in quadruplicate. (C) PCR amplification of the aptamer array from the aTC-treated PfAUBL^Apt^ population shows 1 kb (full-length) and smaller products, indicating that some parasites have lost a few aptamers from their array (D0). Surviving parasites at 10 days post aTC removal have a predominant smaller band, consistent with a truncated array (D10). Download FIG S2, TIF file, 1.0 MB.
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Polyclonal parasite populations from two independent transfections were tested for growth in the presence and absence of anhydrotetracycline (aTC), a tetracycline analog. Both parasite lines exhibited moderate growth inhibition 4 to 5 days after the removal of aTC, but continued to multiply over the course of the growth assay ([Fig. 1C](#fig1){ref-type="fig"} and [Fig. S2B](#figS2){ref-type="supplementary-material"}). To determine if the parasites replicating without aTC still contained all 10 aptamers, we performed PCR to determine the size of the array before and after aTC removal. An expected ∼1-kb band was the predominant product from aTC-treated parasites ([Fig. 1D](#fig1){ref-type="fig"} and [Fig. S2C](#figS2){ref-type="supplementary-material"}). However, one or more smaller bands were also observed, which indicated that both transfections yielded a mixed population of parasites containing various sizes of aptamer arrays. Post aTC removal, only the smaller PCR products corresponding to truncated arrays could be amplified from the surviving parasites. This suggests that PfAUBL is an essential protein and that parasites with a fully functional aptamer array died upon withdrawal of aTC. Presumably, parasites with arrays that contained fewer aptamers produced enough PfAUBL to survive in the absence of aTC.

The extended time interval between parasite transfection and phenotypic analysis of transgenic lines could enable the gradual accumulation of parasites with recombined aptamer arrays. We therefore attempted to isolate a clonal parasite population with an intact array from one of the transfections. PCR analysis of five putative clones revealed aptamer arrays of various sizes. Parasites from well E11 were found to be nonclonal, and none of the remaining samples contained full-length arrays ([Fig. 2A](#fig2){ref-type="fig"}). Parasites from clone E10 had the largest array with 8 aptamers and were therefore analyzed further. Clone E10 parasites grown in the absence of aTC exhibited severe growth inhibition beginning on day 5, and this defect was much more pronounced than the previously analyzed mixed populations ([Fig. 2B](#fig2){ref-type="fig"}). However, a small proportion of aTC-depleted parasites continued to grow and replicate. When examined by PCR on day 10, the surviving parasites were found to contain a truncated array with 5 aptamers, which was confirmed by sequencing ([Fig. 2C](#fig2){ref-type="fig"}). This indicates that aptamer loss can occur within a short time frame and confers a selective advantage to parasites in nonpermissive growth conditions.

![Aptamers of a PfAUBL^Apt^ clone are rapidly lost under nonpermissive growth conditions. (A) PCR amplification of aptamer arrays from cloned parasite populations reveals various array sizes. (B) Growth of clone E10 parasites in the presence or absence of aTC was monitored by flow cytometry for 8 days. The parasites were cut 1:10 on day 4. Removal of aTC caused significant growth inhibition of parasites beginning on day 5 (two‐way ANOVA, followed by Bonferroni's correction; \*\*\*\*, *P \< *0.0001; \*\*, *P \< *0.01; \*, *P \< *0.05). Error bars represent the standard error of the mean from two independent experiments, each conducted in quadruplicate. (C) PCR amplification of the aptamer array from aTC-treated clone E10 parasites (D0) shows the expected 0.8 kb product, corresponding to 8 aptamers. Parasites surviving after 10 days of no aTC treatment (D10) have a predominant 0.5 kb band, indicating that more aptamers have been lost from the original 8-aptamer array found in clone E10.](mSphere.00457-20-f0002){#fig2}

Modification of spacers between RNA aptamers. {#s2.2}
---------------------------------------------

The TetR-aptamer array contains 10 copies of an aptamer separated by identical spacers (86 bp each and 860 bp in total). Such repetitive sequences are prone to recombination events that can lead to truncations. To minimize recombination between individual aptamers and spacers, we made the following modifications to the array. The original aptamers are 51 bp in length and are predicted to fold into stem-loop structures ([Fig. 3A](#fig3){ref-type="fig"}). Bases 1 to 10 and 42 to 51 are palindromic and can pair with each other to form a stem with a predicted melting temperature of ∼33°C. Bases 1 to 6 and 45 to 51 also encode BamHI restriction enzyme sites ([Fig. 3A](#fig3){ref-type="fig"}). To facilitate future cloning reactions that may require BamHI, we altered these bases while maintaining the same GC content (and therefore a similar melting temperature). Each modified aptamer now contained a unique palindromic 6-bp sequence on either end. The loop regions containing conserved sequence motifs that are known to be important for TetR binding were left unaltered ([@B27]). The aptamers in the original array were separated by identical 35-bp spacers. We reduced the spacer length to 11 bp and altered the sequence such that each spacer was unique and formed no significant secondary structure with the 10 stem-loop aptamers ([Fig. 3B](#fig3){ref-type="fig"}). Thus, each of the array elements now contains 23 bp of unique sequence corresponding to the spacer region (11 bp) and part of the double-stranded stem (12 bp). The redesigned spacers have higher GC content than the original spacer (52% versus 44%), thus facilitating the design of unique primers for sequencing or for future genetic manipulations. They also do not contain any common restriction endonuclease sites that could interfere with downstream cloning. We replaced the original 860-bp array in the pMG74 plasmid with the redesigned 619-bp array ([Fig. 3C](#fig3){ref-type="fig"}) to generate the pKD vector.

![Spacers in a redesigned RNA aptamer array do not have significant secondary structure. (A) Secondary structure prediction of a single RNA aptamer from the original array using mFold. The 51-bp stem-loop structure contains a loop responsible for TetR binding (green) and a double-stranded stem (red), in part formed from residues that correspond to a BamHI site (blue). The stem-loop structure is followed by a 35-bp spacer. (B) Redesigned aptamer array which preserves the 10 stem-loop structures, but separates each aptamer with unique 11-bp spacer sequences. The BamHI sequences found in the original aptamers were replaced with unique 6-bp sequences with the same GC content (blue). (C) Sequence of the new array flanked by endonuclease sites with color coding corresponding to that used in (B). Each of the array elements now contains 23 bp of unique sequence corresponding to the spacer region (black) and part of the double-stranded stem (blue).](mSphere.00457-20-f0003){#fig3}

Redesigned aptamer array exhibits enhanced stability in E. coli and P. falciparum. {#s2.3}
----------------------------------------------------------------------------------

pKD plasmids with PfAUBL homology arms were isolated from a few bacterial colonies and their aptamer arrays were examined by PCR. All tested plasmids were found to contain an intact array (∼0.7 kb) ([Fig. 4A](#fig4){ref-type="fig"}). Parasites were transfected as before with a sequence-confirmed pKD plasmid to generate PfAUBL^NewApt^ parasites. The insertion of the new aptamer array at the 3′ UTR of PfAUBL was confirmed by PCR ([Fig. 4B](#fig4){ref-type="fig"} and [Fig. S1](#figS1){ref-type="supplementary-material"}). To determine if the aptamers in the redesigned array retained responsiveness to aTC, PfAUBL^NewApt^ parasites were subjected to a growth assay in the presence or absence of aTC. Growth was completely abrogated 4 days after the withdrawal of aTC, and parasites were undetectable in cultures beyond day 5 ([Fig. 4C](#fig4){ref-type="fig"}). The flow cytometric results were confirmed by manual inspection of blood smears. PCR analysis of parasites 4 days post aTC removal did not indicate any loss of aptamers from the array ([Fig. 4D](#fig4){ref-type="fig"}). A lack of parasite material in these cultures after day 5 precluded us from repeating PCR analysis of the aptamer array at the end of the 8-day growth experiment. Cultures depleted of aTC were maintained for 21 additional days, but no parasite recrudescence was observed. These results implied that the use of unique spacers between identical aptamers was sufficient to prevent recombination within the array and that the changes we made to the aptamer array did not affect the functionality of the knockdown system. PfAUBL^NewApt^ parasites maintained in permissive culture conditions for several months did not exhibit any loss of aptamers.

![The redesigned aptamer array is stably maintained and retains responsiveness to aTC. (A) PCR amplification of the aptamer array from six bacterial colonies transformed with the pKD^PfAUBL^ plasmid shows that all colonies contain full-length (∼0.7 kb) arrays. (B) Integration of pKD^PfAUBL^ plasmid into the 3′ UTR of the PfAUBL gene was confirmed by PCR amplification of the 5′ and 3′ loci. PCR for the unmodified locus failed to detect any residual wild-type parasites in the PfAUBL^NewApt^ population (red); wild-type parasites served as a control (blue). (C) Growth of PfAUBL^NewApt^ parasites in the presence or absence of aTC was monitored by flow cytometry for 8 days. The parasites were cut 1:10 on day 5. Removal of aTC caused significant growth inhibition of PfAUBL^NewApt^ parasites beginning on day 5 (two‐way ANOVA, followed by Bonferroni's correction; \*\*\*\*, *P \< *0.0001; \*\*, *P \< *0.01; \*, *P \< *0.05). Error bars represent the standard error of the mean from two independent experiments, each conducted in quadruplicate. (D) PCR amplification of the aptamer array from aTC-treated PfAUBL^NewApt^ parasites resulted in a single band of 0.7 kb corresponding to the full-length array (D0). DNA from dying or dead parasites at 4 days post aTC removal (D4) also generated a 0.7 kb PCR product. (E) Western blotting using anti-HA antibody to probe for PfAUBL protein shows a rapid decrease in protein levels upon aTC removal. Anti-aldolase antibody was used as a loading control.](mSphere.00457-20-f0004){#fig4}

The pMG74 plasmid was designed to append 1× HA and 1× FLAG tags onto the C terminus of the target protein. However, we failed to detect PfAUBL in PfAUBL^Apt^ parasites using anti-HA or anti-FLAG antibodies. To enhance detection capabilities, we used a 3× HA tag in the pKD plasmid. Probing for PfAUBL with anti-HA antibody demonstrated robust protein detection in aTC-treated PfAUBL^NewApt^ parasites ([Fig. 4E](#fig4){ref-type="fig"}). To determine the efficiency of protein knockdown, we examined the levels of PfAUBL in aTC-depleted parasites over a 4-day period. Protein levels were undetectable 24 h post aTC removal, indicating that the knockdown was quick and efficient.

PfAUBL localizes to the apicoplast. {#s2.4}
-----------------------------------

Despite the rapid depletion of PfAUBL protein, parasites did not exhibit growth inhibition until the end of the second cycle. This is reminiscent of the delayed death phenomenon associated with drugs that interfere with essential housekeeping functions of the apicoplast ([@B47]). The predicted N-terminal bipartite signaling peptide of PfAUBL has been previously shown to direct a green fluorescent protein (GFP) fusion protein to the plastid ([@B46]). To confirm whether native full-length PfAUBL is indeed trafficked to the apicoplast, we performed immunofluorescence assays (IFA) using anti-HA antibody to determine PfAUBL localization, and observed that PfAUBL colocalizes with the acyl carrier protein (ACP), a known apicoplast marker ([Fig. 5](#fig5){ref-type="fig"}). Taken together, these results indicate that PfAUBL is an essential apicoplast protein.

![PfAUBL localizes to the apicoplast. Representative immunofluorescence microscopy images of PfAUBL^NewApt^ parasites show that PfAUBL-3× HA (green) colocalizes with the apicoplast marker ACP (red) with the following Manders' coefficients: M1 (red in green) = 0.806, SD = 0.156, *n* = 23; and M2 (green in red) = 0.929, SD = 0.104, *n* = 23. Images represent fields that are 10 μm long by 10 μm wide.](mSphere.00457-20-f0005){#fig5}

DISCUSSION {#s3}
==========

Recent years have witnessed a steady development of genetic techniques for the functional analysis of essential genes in P. falciparum. The TetR-DOZI aptamer tool for conditional gene knockdown is particularly promising because it is unhindered by structural properties or the subcellular localization of target proteins. It can also be used to control gene expression in a reversible and tunable manner by varying the dosage of the tetracycline ligand, thus permitting the evaluation of null as well as hypomorphic phenotypes. However, its broad implementation has been limited by two key issues. One is that large dynamic range control of gene expression is achieved only when aptamers are introduced on either side of the target gene's coding region ([@B26]). While this is easy to accomplish with transgenes, modifying both the 5′ and 3′ UTRs of native genes is less straightforward. The use of a 10× aptamer array in the 3′ UTR alone has been sufficient to knock down the expression of several genes, but it may not be enough to achieve complete conditional control of genes that are expressed at high levels. Recent publications have overcome this issue by utilizing a linear vector that carries a recodonized copy of the target gene and homology arms corresponding to the 5′ and 3′ UTRs, thereby allowing simultaneous insertion of aptamers into the upstream and downstream sequences ([@B33], [@B43], [@B44]).

This study addresses a second drawback of the TetR-DOZI system, namely, the instability of the 3′ UTR aptamer array due to its repetitive nature. Our results show that truncated arrays arise frequently and that arrays below a certain threshold of aptamers are unable to exert sufficient control over gene expression. This is supported by the original study describing the TetR-RNA aptamers in which a parallel analysis of arrays containing 5 or 10 aptamers showed that the 5× array was unable to regulate reporter gene expression in yeast ([@B26]). By replacing the identical spacers in between aptamers with unique sequences, we were able to avoid array truncations. Importantly, modification of the spacers did not interfere with the functionality of the aptamers. We demonstrated this by successfully knocking down the expression of the ubiquitin-like protein PfAUBL, which led to parasite death.

The 3× HA tag appended to the C terminus of PfAUBL allowed us to monitor protein levels as well as localize it to the parasite apicoplast. Although PfAUBL expression was reduced to undetectable levels within 24 h, the parasites did not die until the end of the second cycle. This delay in growth inhibition could be due to the presence of a very small amount of PfAUBL that facilitates parasite progression into the second cycle. Alternatively, it is possible that PfAUBL belongs to a subset of essential apicoplast housekeeping proteins whose inhibition results in delayed death ([@B47]). PfAUBL has been implicated in the import of apicoplast proteins from the cytoplasm via the sERAD (symbiont ER-associated degradation) system ([@B46]). In the related apicomplexan parasite Toxoplasma gondii, knockdown of sERAD proteins blocks protein transit into the apicoplast and leads to delayed death ([@B11], [@B48], [@B49]). Further work is needed to determine if PfAUBL indeed cooperates with *Plasmodium* sERAD to support apicoplast biogenesis.

MATERIALS AND METHODS {#s4}
=====================

Parasite culture. {#s4.1}
-----------------

P. falciparum Nf54^attB^ parasites ([@B50]) were cultured in human erythrocytes at 2% hematocrit in complete medium with Albumax (CMA) containing RPMI 1640 medium with L‐glutamine (USBiological Life Sciences), supplemented with 20 mM HEPES, 0.2% sodium bicarbonate, 12.5 μg/ml hypoxanthine, 5 g/liter Albumax II (Life Technologies) and 25 μg/ml gentamicin. Cultures were maintained at 37°C in a gas mixture containing 94% N~2~, 3% O~2~, and 3% CO~2~.

Plasmid construction. {#s4.2}
---------------------

The pMG74 plasmid was digested with AatII and XmaI to remove 1× HA and 1× FLAG tags and the existing aptamer array ([@B26]). A small synthetic DNA fragment containing cloning sites for the aptamer array (PspOMI and XmaI) and residues encoding a 3× HA tag was inserted into pMG74 using the AatII and XmaI sites (LifeSCT). The redesigned 619-bp aptamer array ([Fig. 3C](#fig3){ref-type="fig"}) was cut with PspOMI and XmaI from a synthetic plasmid (LifeSCT) and ligated into the same sites in pMG74. The resulting plasmid was called pKD and contains the homology arm cloning sites, the 3× HA tag, and the aptamer array shown in [Fig. S3A](#figS3){ref-type="supplementary-material"} and B.
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pKD^PfAUBL^ plasmid annotations. (A) The relative location of various restriction enzyme sites for cloning or plasmid linearization and the sequence of the 3× HA tag in the pKD vector are shown. (B) The pKD^PfAUBL^ plasmid map shows the P. falciparum Hsp86 promoter that drives the expression of the polycistronic locus containing the TetR-DOZI fusion gene, an FRB domain with a nuclear localization signal (nFRB), and the selectable marker blasticidin deaminase (BSD). The coding regions are separated from each other by T2A skip peptide sequences. Download FIG S3, TIF file, 2.9 MB.
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To create PfAUBL knockdown constructs, pMG74 and pKD were digested with AscI and AatII. Homology arms HA1 and HA2 of the PfAUBL gene were amplified from P. falciparum genomic DNA using the primer pairs AUBL HA1.kd-F + AUBL HA1.kd-R and AUBL HA2.kd-F + AUBL HA2.kd-R, respectively ([Table S1](#tabS1){ref-type="supplementary-material"}). The homology arms were fused in an additional PCR using the primer pair AUBL HA2.kd-F + AUBL HA1.kd-R, creating a combined HA2-HA1 fragment separated by two EcoRV sites. This fragment was inserted into digested pMG74 and pKD plasmids to generate pMG74^PfAUBL^ and pKD^PfAUBL^, respectively. The nucleotide sequence for the pKD^PfAUBL^ vector can be found in Supplemental [Text S1](#textS1){ref-type="supplementary-material"}. Prior to transfection, these plasmids were linearized with EcoRV.
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Oligonucleotide primers used in this study. Download Table S1, DOCX file, 0.01 MB.
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Plasmid pKD sequence. Download Text S1, DOCX file, 0.01 MB.
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The Cas9 enzyme and the guide RNA were expressed from a modified version of pUF1-Cas9 ([@B51]). Plasmid pUF1-Cas9 (11,096 bp) was modified in several steps to accommodate the insertion of the guide RNA expression cassette found in pRS-LacZ ([@B52]). In the first step, the promoter driving Cas9 expression (Hsp86) was removed using XhoI and AflII and replaced with an adaptamer formed from 5′-phosphorylated primers pCas.XhoBtg.F and pCas.XhoBtg.R ([Table S1](#tabS1){ref-type="supplementary-material"}). This plasmid was then digested with XhoI/BtgZI, blunted with T4 polymerase, and ligated. The resulting plasmid is smaller (10,221bp) and brings Cas9 expression under the control of the bidirectional calmodulin promoter. In the second step, a 340-bp region of the Bluescript plasmid backbone containing several endonuclease sites was removed through digestion with EcoRI/AatII, blunted with T4 polymerase, and ligated. In the third step, digestion with XmaI/SapI was used to remove the 3′ UTR of Cas9 (PbDHFR-TS) and a complete lac operon found in the Bluescript plasmid backbone. This region was replaced with an adaptamer formed from the 5′-phosphorylated primers pUF.NotI.F and pUF.NotI.R ([Table S1](#tabS1){ref-type="supplementary-material"}) containing a NotI site for insertion of the guide RNA cassette found in pRS-LacZ. Before this insertion could take place, however, two BsaI sites in the plasmid backbone had to be removed (BsaI was to be used later to insert guide RNA sequences). The plasmid was digested with BsaI, removing a 1,992-bp region containing both recognition sites for this Type IIs endonuclease. PCR primers BsaMut.GG.F and BsaMut.GG.R ([Table S1](#tabS1){ref-type="supplementary-material"}) were designed with flanking BsaI sites for Golden Gate insertion back into the plasmid, but with two single base changes to alter the original two BsaI recognition sites. Thus, after digestion of the PCR product with BsaI, and ligation back into the cut plasmid, the resulting plasmid was identical in size (8,757 bp) and contained two single nucleotide changes that removed both BsaI recognition sites. The guide RNA expression cassette from plasmid pAIO ([@B31]) was then excised with NotI and inserted into the same site bidirectionally, generating a forward and a reverse orientation. The orientation with the U6 5′ regulatory element adjacent to Cas9 was chosen with the expectation that this region would act as a 3′ UTR for Cas9 (it contains the 3′ UTR of the ribosomal L18 protein, PF3D7_1341200). Finally, the plasmid was digested with BtgZI to remove the preguide RNA and the LacZ expression cassette from pRS-LacZ ([@B52]) was excised with BsaI and inserted into this site. The final pCasG-LacZ plasmid (10,886) is smaller than the original pUF1-Cas9 plasmid and contains a guide RNA expression cassette that can be used for blue/white colony screening after insertion of a guide RNA sequence with BsaI ([Fig. S4](#figS4){ref-type="supplementary-material"}).
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Map of the pCasG-LacZ vector. The pCasG-LacZ plasmid schematic displays the bidirectional CAM/HOP promoter that drives the expression of the yeast dihydroorotate dehydrogenase (yDHOD) resistance gene on one side, and the Cas9 enzyme and the LacZ cassette on the other side. The LacZ cassette is flanked by the type IIS restriction enzyme site BsaI. Digestion with BsaI removes the LacZ cassette and facilitates insertion of a guide RNA (gRNA) adaptamer upstream of the Cas9-binding gRNA scaffold. Plasmids with successful gRNA insertion can be selected by blue-white screening of E. coli transformants. Download FIG S4, TIF file, 1.5 MB.
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To generate a pCasG-LacZ plasmid with a guide RNA sequence that targets PfAUBL, pCasG-LacZ was digested with BsaI. PfAUBL-specific guide RNAs were synthesized as oligonucleotides ([Table S1](#tabS1){ref-type="supplementary-material"}), annealed, and inserted into the digested plasmid using In‐Fusion.

Parasite transfections. {#s4.3}
-----------------------

P. falciparum NF54^attB^ parasites were transfected using a previously described method with minor modifications ([@B53]). Briefly, red blood cells (RBCs) (350 μl) were electroporated with 75 μg each of the pCasG^PfAUBL^ plasmid and either the linearized pMG74^PfAUBL^ or pKD^PfAUBL^ plasmids. The electroporated RBCs were mixed with 1.5 ml of a mixed-stage culture at ∼4% parasitemia. Transfected cultures were maintained in CMA with 0.5 μM anhydrotetracycline (aTC) (Cayman Chemical) for the first 48 h, after which they were cultured in selective medium containing 2.5 μg/ml blasticidin (Corning) and 1.5 μM DSM-1 (Calbiochem) along with aTC for 7 days. Cultures were then switched to CMA with aTC until the reemergence of parasites, upon which they were transferred to CMA containing blasticidin and aTC. Single clones of PfAUBL^Apt^ parasites were isolated by limiting dilution in a 96-well plate.

Genotyping and aptamer PCR. {#s4.4}
---------------------------

A 3-μl volume of parasite culture or 10 ng of plasmid was used in 25-μl PCRs with Phusion High-Fidelity DNA polymerase (New England BioLabs \[NEB\]). To confirm pMG74^PfAUBL^ insertion into the 3′ UTR of PfAUBL, the following primer pairs were used: AUBL 5′ F + pMG74 R for the 5′ integration locus, and TetR-seq + AUBL 3′ R for the 3′ integration locus. To confirm pKD^PfAUBL^ insertion into the 3′ UTR of PfAUBL, the following primer pairs were used: AUBL 5′ F + NewApt-5R for the 5′ integration locus, and TetR-seq + AUBL 3′ R for the 3′ integration locus. To determine if any wild-type parasites were still present in the transfected populations, the primer pair AUBL 5′ F + AUBL 3'R was used.

The original aptamer array in the pMG74 plasmid and PfAUBL^Apt^ parasites was amplified using the primer pair Apt-1F + Apt-10R. The redesigned aptamer array in the pKD plasmid and PfAUBL^NewApt^ parasites was amplified using the primer pair NewApt-1F + NewApt-10R. Primer sequences are listed in [Table S1](#tabS1){ref-type="supplementary-material"} and the expected PCR product sizes are included in [Fig. S1B](#figS1){ref-type="supplementary-material"}.

Growth assays. {#s4.5}
--------------

Parasites were washed with 10 ml CMA three times to remove aTC from the culture medium and then cultured in CMA alone or CMA with 0.5 μM aTC. They were seeded in a 96‐well plate (Corning) at a 0.5% starting parasitemia and 2% hematocrit in a total volume of 250 μl per well, in quadruplicate for each medium condition. The plates were incubated in chambers gassed with 94% N~2~, 3% O~2~, 3% CO~2~ at 37°C. A 10-μl volume of each parasite sample was collected every day for blood smear analysis or flow cytometry, and the culture medium was exchanged every other day for 8 days.

For growth curve determination by flow cytometry, samples collected on days 0 to 4 were diluted 1:10 in phosphate-buffered saline (PBS) and stored in a 96‐well plate at 4°C. On day 4, the parasites were stained with SYBR green by transferring 10 μl of the 1:10 dilutions to a 96‐well plate containing 100 μl of 1× SYBR green (Invitrogen) per well in PBS. The plates were incubated at room temperature under gentle shaking in the dark for 30 min. Postincubation, 150 μl of PBS was added to each well to dilute unbound SYBR green dye. The samples were analyzed with an Attune Nxt flow cytometer (Thermo Fisher Scientific), with a 50-μl acquisition volume and a running speed of 25 μl/min, with 10,000 total events collected. The process was repeated on day 8 for samples collected on days 5 to 8.

Western blotting. {#s4.6}
-----------------

Parasites were washed with CMA three times to remove aTC from the culture medium. Samples were collected immediately post wash, and then every 24 h for the next 4 days. The collected samples were centrifuged at 500 × *g* for 5 min at room temperature (RT) and pellets were stored at --20°C until the time of protein extraction. To isolate parasites from RBCs, the pellets were thawed and resuspended in 0.15% saponin for 5 min at RT. Lysed RBCs were removed by washing three times with 1× PBS. Parasite pellets were resuspended in NuPAGE LDS sample buffer (Thermo Fisher) containing 2% β-mercaptoethanol and boiled for 5 min. Proteins were resolved by SDS-PAGE on 4 to 12% gradient gels and transferred to nitrocellulose membranes. Membranes were blocked in 5% milk and probed overnight at 4°C with 1:2,500 rat anti-HA MAb 3F10 (Roche). They were then incubated for an hour at RT with 1:5,000 anti-rat horseradish peroxidase (HRP)-conjugated antibody (GE Healthcare). Protein bands were detected on X-ray film using SuperSignal West Pico chemiluminescent substrate (Thermo Scientific), according to the manufacturer's protocol. For loading controls, membranes were stripped of antibody with 200 mM glycine (pH 2.0) for 5 min and reprobed with 1:25,000 mouse anti-aldolase mAB 2E11. After incubation with 1:10,000 anti-mouse HRP-conjugated antibody (GE Healthcare), proteins were detected as described above.

Immunofluorescence assay. {#s4.7}
-------------------------

Parasites were prepared for immunofluorescence assay (IFA) as previously described ([@B54]). Briefly, parasites were resuspended in a 1:1 fixative of 4% paraformaldehyde and 0.0075% glutaraldehyde in PBS for 30 min. Cells were permeabilized for 10 min with 1% Triton X-100 and then reduced for 10 min with 0.1g/liter NaBH~4~ in PBS. Cells were blocked for 2 h in a solution of 3% (wt/vol) bovine serum albumin (BSA) in PBS and then incubated at 4°C overnight with anti-ACP rabbit antibodies (1:500) ([@B55]) and rat anti-hemagglutinin (HA) MAb 3F10 (1:500) (Roche). Cells were washed three times with PBS, and then incubated for 2 h in a PBS solution containing 3% BSA, goat anti-rabbit Alexa Fluor 594 (1:500), and donkey anti-rat Alexa Fluor 488 (1:300) (Life Technologies). Cells were washed three times with PBS and mounted on coverslips with ProLong Gold DAPI antifade reagent (Life Technologies) and sealed with nail polish. A series of images spanning 5 μm were acquired with 0.2-μm spacing using a Zeiss AxioImager M2 microscope. The images were deconvolved with VOLOCITY software (PerkinElmer) to report a single image in the *z*-plane.
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